Stomach and intestinal stem cells are located in discrete niches called the isthmus and crypt, respectively. Recent studies have demonstrated a surprisingly conserved role for Wnt signaling in gastrointestinal development. Although intestinal stromal cells secrete Wnt ligands to promote stem cell renewal, the source of stomach Wnt ligands is still unclear. Here, by performing single cell analysis, we identify gastrointestinal stromal cell populations with transcriptome signatures that are conserved between the stomach and intestine. In close proximity to epithelial cells, these perictye-like cells highly express telocyte and pericyte markers as well as Wnt ligands, and they are enriched for Hh signaling. By analyzing mice activated for Hh signaling, we show a conserved mechanism of GLI2 activation of Wnt ligands. Moreover, genetic inhibition of Wnt secretion in perictye-like stromal cells or stromal cells more broadly demonstrates their essential roles in gastrointestinal regeneration and development, respectively, highlighting a redundancy in gastrointestinal stem cell niches.
M esenchymal-epithelial cross talk plays a crucial role in organ specification and development 1, 2 . Tissue grafting studies showed that tissue-specific mesenchymal signals influence gut endoderm differentiation 3 . Indeed, differential gene expression analysis of the mouse embryonic stomach and intestine identified a stomach mesenchyme-specific factor, Barx1, and its deletion caused a striking intestinal transformation, highlighting the significance of organ-specific stromal niche signals 4 . Consistent with these distinct organ niche components, adult stomach, and intestinal epithelial cells are maintained by the activity of stem cells located in discrete epithelial niches, the isthmus and crypt, respectively 5, 6 . Wnt signaling plays a critical role in tumorigenesis, adult stem cell homeostasis, and hind gut specification during development 7 . Although thought to be restricted to the intestine and suppressed in the stomach 4, 8 , Wnt signaling has recently been shown to perform a surprisingly conserved function in stomach stem cells and their development 9 . However, how and where Wnt ligands in the stomach are produced is unknown 10 .
In contrast to stomach stem cell niches, intestinal stem cell niches have been extensively investigated. Intestinal organoids depend entirely upon Paneth cells, which secrete stem cell niche signals that include Wnt3a 11 . Despite this fact, Wnt3a deletion and ablation of Paneth cells in vivo yielded, surprisingly, no obvious stem cell defects, suggesting another sources of stem cell niche signals [12] [13] [14] . Genetic inhibition of Wnt secretion from epithelial cells consistently failed to induce stem cell defects 15, 16 , while its global inhibition led to the loss of stem cell proliferation 17 . Indeed, additional mouse genetic studies demonstrated that FoxL1+, Pdgfr-α+, and CD34+ mesenchymal cells constitute a critical intestinal stem cell niche that secretes Wnt ligands [18] [19] [20] . Most recently, it has been shown that FoxL1 expressing cells represent telocytes, which are in proximity to intestinal epithelial cells, while PDGF-α is more broadly expressed throughout the gut mesenchyme 21 . Interestingly, genetic inhibition of Wnt secretion from αSMA+ myofibroblasts led to no obvious stem cell defects 15 . Despite these significant and complex roles of intestinal stromal cells in stem cell homeostasis, their heterogeneity has not been fully investigated. Of note, Hedgehog (Hh) signaling is known to be active in pericryptal cells, and genetic inhibition of Wnt secretion from these Hh responsive cells arrested colonic stem cells, suggesting its role in the regulation of intestinal stem cell niche signals 17, 22 . Interestingly, Helicobacter pylori promotes stomach epithelial proliferation by increasing the expression of R-spondin 3, a Wnt agonist 23 . Given the surprisingly conserved role of Wnt signaling in both the stomach and intestine, we hypothesized that stomach stromal cells also play a critical role as a stem cell niche.
To determine the role of stomach stromal stem cell niches and define the heterogeneity of both stomach and intestinal stromal cells, we performed single cell transcriptome analysis and identified conserved stromal cell populations that are Hh responsive and that express Wnt ligands and telocyte markers. Our genetic analysis demonstrated the critical role of these cell populations in gastrointestinal regeneration, while revealing their redundancy with other stromal cell populations, such as CD31-positive endothelial and Ly6c-positive stromal cells during development and adult homeostasis. Moreover, our transcriptional analysis shows Hh-and GLI2-mediated transcriptional activation of stem cell niche signals that is conserved in both the stomach and intestine.
Results
Conserved gastrointestinal stromal populations. To define the heterogeneity of both stomach and intestinal stromal stem cell niches, we isolated gastrointestinal stromal cells from mice with Bapx1 +/Cre and Rosa26 tdTomato alleles, which broadly label gastrointestinal stromal cells, though not those of the enteric nervous system 24 . We then analyzed their transcriptomes at the single cell level (4946 for stomach and 3459 for intestine each) by performing Drop-Seq ( Supplementary Fig. 1 ) 25 . T-distributed stochastic neighbor embedding (t-SNE) analysis identified more than 10 different stromal cell clusters each for the stomach and intestine ( Fig. 1a-d ; Supplementary Figs. 1-4 , Supplementary Data 1). Furthermore, our unsupervised hierarchical analysis identified stromal cell clusters expressing either conserved or distinct transcriptome signatures between the stomach and intestine ( Fig. 1e; Supplementary Figs. 5 and 6 ). The populations of stromal fibroblast cells (St C1, 2, 3, 6, 9 and Int C1-6), pericytelike stromal cells (telocyte; St C5, 7 and Int C8), lymphatic endothelial cells (St C11 and Int C7) and pericytes (St C10 and Int C11) expressed similar gene signatures; conversely, mesothelial cells (St C15 and Int C12) and macrophage-like cells (St C14 and Int C10) showed distinct gene expression patterns ( Fig. 1a-e ; Supplementary Data 1).
To define the stromal cells expressing stem cell niche signals, we analyzed Wnt ligand expression by performing Markov affinitybased graph imputation of cells (MAGIC) 26 . Many different stromal cell populations expressed Wnt ligand and agonist (i.e., Rspo) genes, indicating potentially redundant sources of Wnt niche signals . We also found the expression of Wnt antagonist (i.e., Dkk) genes in gut stromal cell populations ( Supplementary Fig. 10 ). Of note, the stromal cell populations conserved between the stomach and intestine were more highly enriched for the Wnt pathway, compared to the distinct cell populations ( Fig. 1f , g), while some unconserved stromal populations also expressed Wnt ligands ( Supplementary  Fig. 11 ). In addition, these conserved cell populations showed robust expression of pericyte markers such as Ng2 (Cspg4) and Pdgfr-β ( Fig. 2a, b ; Supplementary Fig. 12 ) 27 . Intestinal pericryptal cells located near the stem cells have been implicated in stromal stem cell niche function [17] [18] [19] [20] . Our single cell analysis showed that known markers, such as CD34, Pdpn, and Pdgfr-α, of these intestinal pericryptal cells are broadly expressed in gastrointestinal stromal cells, which include the conserved populations (Supplementary Figs. 12 and 13). To validate Ng2 expression in vivo, we utilized Ng2 +/DsRed and Ng2-Cre;Rosa26 +/tdTomato mice, and performed co-labeling immunofluorescence stainings. We found that pericyte markers (Desmin, PDGFRβ, and Nestin) and a villus core stromal cell marker, PDGFRα, but not glial cell markers (s100β and GFAP) are expressed in Ng2+ conserved stromal cell populations ( Supplementary Figs. 14 and 15 ). While these cells still express some pericyte markers, they failed to colocalize with CD31+ endothelial cells ( Supplementary Fig. 15 ) and expressed genes distinct from those of gastrointestinal pericytes (Supplementary Fig. 16 ). Therefore, we will refer to them as pericyte-like stromal cells.
Interestingly, a recent paper has shown that FoxL1 is expressed in telocytes, which constitute a key intestinal stem cell niche 21 , but their role in the stomach as a stem cell niche has been unexplored. Our analysis demonstrated a highly overlapping expression pattern of Foxl1 and Ng2 (Cspg4) in cell clusters conserved between the stomach and intestine ( Fig. 2a -c). Corroborating this data, our analysis of the available data set from a recently published Foxl1+ telocyte paper confirmed exclusive expression of Ng2 in Foxl1+ cells ( Fig. 2d ). Indeed, our analysis of Ng2 +/DsRed mice showed that Ng2 is highly expressed in pericryptal cells in proximity to gastrointestinal epithelial cells ( Fig. 2e ). Moreover, single-molecule RNA fluorescence in situ hybridization (smFISH) analysis confirmed the overlapping expression of Ng2 and Foxl1 in vivo, indicating that our identified conserved pericyte-like cell populations also include telocytes ( Fig. 2f, g) . These cells also expressed Actg2 and its paralog, αSMA (Figs. 1b, d, 2h).
Wnt secretion by pericyte-like cells during regeneration. To investigate a role for pericyte-like cell populations as a gastrointestinal stem cell niche, we analyzed Ng2-Cre;Rosa26 +/mTmG mice and found GFP-positive stromal cells marked by Ng2-Cre in close proximity to gastrointestinal epithelial cells surrounding the gland and crypt. In addition to the expression of Foxl1 21 (Fig. 2) , immunogold transmission electron microscopy analysis demonstrated that these cells exhibit a long and very thin structure called a telopode ( Fig. 3a; Supplementary Figs. 17 and 18 ). To examine the role of these pericyte-like cells as a source of Wnt niche signals, we performed smFISH in Ng2-Cre;Rosa26 +/tdTomato mice and quantitative RT-PCR, and confirmed the expression of Wnt ligands such as Wnt2b and Wnt4 (Fig. 3b , c; Supplementary Figs. [19] [20] [21] . To determine the significance of these Wnt secreting stromal cells as a stem cell niche, we conditionally deleted Wntless (Wls), a transmembrane protein essential for the secretion of lipid modified Endothelial cells  Stromal cells_Rbp7 high  Stromal cells_Sfrp2 high  Pericyte-like stromal cells  Endothelial cells_Selp high  Stromal cells_Sorbs2 high   Lymphatic endothelial cells   Stromal cells_Fmo2 high  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17   Stromal cells_Ces1d high  Stromal cells_Has1_high a c e f g d
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Macrophage-like cells_Cd74_high NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14058-5 ARTICLE Wnts 28 . The isthmus of antral gastric glands, where Lgr5 is expressed has been also proposed as a potential Wnt niche 10, 23, 29, 30 . Wnt signaling is known to promote intestinal secretory lineage differentiation [31] [32] [33] . Although Ng2-Cre;Wls fl/fl mice exhibited a shortened gut length with reduced numbers of goblet cells and Paneth cells, suggesting a reduced level of Wnt signaling, we observed no significant change in gastrointestinal epithelial proliferation ( Fig. 3d , e; Supplementary Fig. 22 ). However, the numbers of both stomach and intestinal stem cells marked by OLFM4 and Lgr5 were significantly decreased ( Fig. 3f, g) . Supplementary Fig. 22 ), and they were able to breed properly, suggesting additional sources of niche signals. Supporting this notion, other stromal cell populations not labeled by Ng2-Cre expressed Wnt ligands ( Supplementary Fig. 11 ). Given the proximity of the pericyte-like stromal cells to gastrointestinal epithelial stem cells, their expression of Wnt ligands and the role of Wnt signaling in stem cell renewal 7 , we hypothesized that Wnt secretion from these cells is critical during regeneration. To address this question, we irradiated Ng2-Cre;Rosa26 +/tdTomato mice and examined the expression of Wnt ligands. Interestingly, we found significantly increased levels of Wnt2b expression in both the Ng2-labeled pericyte-like stromal cells (tdTomato+) cells and epithelial cells, suggesting a potential role for pericytelike stromal cells as a critical niche during regeneration ( Fig. 4a -c). To address these stomach and intestinal stromaspecific roles in regeneration, we subjected both control and Fig. 23a ). Consistent with this data, we also found that Ng2-Cre lineage labeled pericryptal cells are radioresistant, compared to epithelial cells ( Supplementary Fig. 23b ). Interestingly, it has been reported that the expression of Shh increases after irradiation and promotes Shh-mediated tumorigenesis in brain 34 . Indeed, we found an increased level of its expression in epithelial cells ( Supplementary Fig. 24 ). Although this result would likely be influenced by defective stem homeostasis found in Ng2-Cre;Wls fl/fl mice, it still demonstrates the requirement for pericyte-like stromal cells as a Wnt stem cell niche in regeneration.
Hh-Wnt signaling axis in pericyte-like stromal cells. We next investigated how these gastrointestinal stromal Wnt niche signals are regulated. It has recently been shown that intestinal pericryptal cells co-express Hh target and Wnt ligand genes, and that Hh-responsive cells constitute a key colonic stem cell niche 17, 22 . Activated exclusively in the gastrointestinal mesenchyme 35 , Hh signaling is required for gut epithelial and stromal proliferation, as well as muscle differentiation 36, 37 . Mice depleted of Hh signaling also show defects in intestinal stem cells 36 . Therefore, we analyzed Hh target genes in our single cell RNA-seq data and found that the stromal cell populations conserved between the stomach and intestine are highly enriched for the Hh pathway, compared to the distinct stromal cell populations ( Fig. 5a ). To further investigate the Hh regulation of Wnt signaling, we activated Hh signaling in the Ng2-Cre labeled pericyte-like stromal cells and detected elevated levels of both stomach and intestinal epithelial cell proliferation (Fig. 5b, c ). Corroborating this data, the numbers of gastric progenitors and stem cells positive for OLFM4 38 , SOX9 39 , and CD44 40 (Wnt target genes), were significantly increased ( Fig. 5b; Supplementary Fig. 25 ). Consistent with the role of Wnt signaling in intestinal secretory lineage differentiation [31] [32] [33] , the number of goblet cells also was significantly increased upon Hh activation during development ( Fig. 5d ). Moreover, the smFISH analysis showed increased levels of gastrointestinal stromal Wnt ligand expression in these mice, demonstrating Hh activation of stromal stem cell niche signals ( Fig. 5e, f ; Supplementary Fig. 26 ).
GLI2 activation of Wnt ligands in conserved stromal cells.
Although Hh signaling plays a critical role in many different organs and tissues, including the stomach and intestine, the instability of Hh downstream GLI transcriptional factors (TFs) has prevented the mapping of their genomic binding regions at a high resolution 41 . Consequently, understanding its transcriptional mechanisms has proven to be extremely challenging. To overcome this barrier, we utilized mice with conditional alleles of the key Hh-negative regulators, Sufu and Spop, which are known to act on GLI TFs, sequestering them in the cytoplasm and targeting them to proteasome degradation, respectively 41 . These mice were then crossed with mice carrying a Bapx1 +/Cre allele to specifically delete these genes in the gastrointestinal mesenchyme 24 ( Supplementary Fig. 27 ). Bapx1 +/Cre ;Sufu fl/fl ;Spop fl/fl mice stabilized GLI TFs, thereby activating Hh signaling; these mice exhibited severe gastrointestinal defects with abnormal proliferation in both epithelial and mesenchymal tissues (Supplementary Fig. 28 ). Taking advantage of the stabilized key Hh transcription factor involved in gut development, GLI2 36 , we mapped its genomic binding regions in the intestine, demonstrating direct transcriptional activation of intestinal stromal Wnt ligands by GLI2 42 . Since signaling and transcriptional mechanisms of stomach stromal Wnt niche signals remained unknown, we used these Bapx1 +/Cre ;Sufu fl/fl ;Spop fl/fl mice to analyze the stomach and compared with the intestinal data. Gene network analysis of the transcriptomes generated from these Sufu and Spop double knockout (DKO) gastrointestinal tissues showed common enrichment in muscle development and the Wnt pathway ( Fig. 6a ).
To determine if these Hh target genes are activated via super enhancers, we performed ChIP-Seq for H3K27ac marks with the Sufu and Spop DKO gastrointestinal tissues and screened for super enhancers by using the Rank Ordering of Super-Enhancers (ROSE) program 43, 44 . We found a surprisingly high number (538) of Hh activated super enhancers conserved between the stomach and intestine (Fig. 6b, c) . Organ-specific enhancers were also revealed: Stomach-and intestine-specific super enhancers were identified near the organ-specific Hoxc8 45 and Nr2f1 46 loci, respectively ( Fig. 6d) 47 . Moreover, our mapping of genome-wide binding sites of GLI2 identified more than one thousand GLI2 peaks conserved between the stomach and intestine (Fig. 6e ). The KEGG pathway analysis of these overlapping peaks demonstrated significant enrichment for the Hh and Wnt pathways (Fig. 6f) . These peaks were identified in H3K27ac marked enhancer regions conserved between the stomach and intestine, near the Wnt and Hh pathway genes (Wnt2b, Wnt9a, and Ptc1) ( Fig. 6g ). To validate direct transcriptional regulation by GLI2 in gastrointestinal mesenchymal cells, we were able to culture primary stomach and intestinal mesenchymal cells. We then cloned GLI2-bound NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14058-5 ARTICLE regions near Wnt2b and Wnt9a loci into plasmids containing a luciferase reporter gene and performed a transcriptional reporter assay upon co-expression of Gli2. We confirmed GLI2 activation of these reporter genes in gastrointestinal mesenchymal cells ( Fig. 6h, i; Supplementary Fig. 29 ). Corroborating this data, the expression of Gli2 was enriched in Ng2-Cre labeled and Cspg4 (Ng2) expressing pericyte-like stromal cells ( Supplementary   Fig. 20, 30 ). Together, this work reveals that the GLI2-mediated transcriptional activation of stromal Wnt niche signals, and this direct regulation in gut stromal cells is conserved between the stomach and intestine. 
Enrichment profile
Hits Ranking metric scores of gastrointestinal stromal Wnt ligands, genetic inhibition of Wnt secretion in Ng2-expressing cells and their descendants resulted in only mild defects ( Fig. 3d-g ; Supplementary Fig. 22 ). Therefore, the significance of gastrointestinal stromal Wnt niche signals during development is still unclear. In fact, we found that Wnt ligands and/or agonizts are expressed in different gut stromal cell populations ( Supplementary Fig. 11 ). To further define the difference between Bapx1 +/Cre and Ng2-Cre lineage labeled stromal cells, we first analyzed the percentage of tdTomato positive cells sorted from Bapx +/Cre ;Rosa26 +/tdTomato and Ng2-Cre;Rosa26 +/tdTomato mice and found that Bapx +/Cre labels significantly more stromal populations than Ng2-Cre (Supplemental Fig. 31 ). We then performed mass cytometry (CyTOF) of stomach and intestinal stromal cells isolated from Ng2-Cre; Rosa26 +/tdTomato and Bapx1 +/Cre ;Rosa26 +/tdTomato mice for gut stromal cell type-specific markers. This analysis revealed that compared to Bapx1 +/Cre , Ng2-Cre labels significantly fewer CD31-positive endothelial cells and Ly6c-positive stromal cells ( Supplementary Figs. 32-34 ). Interestingly, these Ly6c positive cells failed to express a hematopoietic cell marker, CD45, representing unique stromal cell populations expressing Ly6c (Supplementary Figs. 35 and 36) . Corroborating this data, our analysis of Bapx1 +/Cre ;Rosa26 +/tdTomato mice showed that LYVE1positive lymphatic endothelial cells and PDPN-positive mesothelial cells expressed Wnt ligands and agonizts ( Supplementary  Figs. 11, 37 , and 38). Taken together, these observations suggest a potentially redundant role for gastrointestinal stromal cells as a Wnt stem cell niche. Interestingly, our comparative analysis of single cell transcriptomes with available human gastrointestinal disease genes, identified by genome-wide association studies (GWAS), showed association of intestinal lymphatic endothelial and mesothelial cells with colon cancer and inflammatory bowel disease, also implying their potential roles in disease pathogenesis ( Supplementary Fig. 39 ) 48 .
To address this potentially redundant role for Wnt-secreting gastrointestinal stromal cells, we used Bapx1 +/Cre mice to more broadly target gastrointestinal stromal cells ( Supplementary  Figs. 1a and 31 ). Bapx1 +/Cre ;Wls fl/fl mice exhibited remarkably severe phenotypes throughout the gastrointestinal tract ( Fig. 7a-k ; Supplementary Fig. 40 ). Consistent with the observation of Wnt signaling activation in the mouse forestomach, epithelial tissue during development 4 , Bapx1 +/Cre ;Wls fl/fl mice showed a significant decrease in the size of the forestomach accompanied by reduced levels of epithelial proliferation, while properly maintaining a stomach-intestine boundary ( Fig. 7a-d ). In addition, the intestinal lumen was severely distended, and the intestine length was dramatically reduced; hematoxylin-eosin (H&E) staining also revealed epithelial depletion, with significantly reduced numbers of villi (Fig. 7g, h ). Since this phenotype is morphologically similar to the gastric transformation defects found in Cdx2 knockout intestines 49 , we also analyzed gastric markers and CDX2 by IHC but found no transformation ( Fig. 7b-d; Supplementary Fig. 40a ). To analyze stem cell defects, we performed smFISH for Lgr5 and found its significantly reduced expression in both the stomach and intestine, demonstrating severe defects in developing stem cells ( Fig. 7e, i; Supplementary Fig. 41 ). To measure epithelial Wnt signaling activity, we also analyzed the expression of known Wnt target genes such as SOX9 and CD44, and found a dramatic reduction of these markers (Fig. 7f, j; Supplementary Fig. 40b ). Consistently, epithelial proliferation and secretory cell differentiation, both of which depend on Wnt signaling, were severely impaired ( Fig. 7k ; Supplementary Fig. 40c, d) . These data demonstrate the essential role of gastrointestinal stromal Wnt niche signals during development.
Discussion
Wnt signaling had been thought to be restricted to the hindgut and critical for its specification 6 . Indeed, its abnormal activation in the stomach through the deletion of the stomach-specific mesenchymal factor, Barx1, led to partial intestinal transformation 4 . In addition, the intestinal stem cell marker, Lgr5, was first identified by analyzing Wnt target genes 50 . Interestingly, Lgr5 was also expressed in a subpopulation of the antrum 29, 30 ; Wnt reporter expression was found to be temporarily active during stomach development, becoming later restricted to the distal stomach region, suggesting its temporal and regional roles 4, 23 . Corroborating these data, recent studies have revealed a critical role for Wnt signaling in stomach development and stem cells 9 . In the intestine, Wnt ligands are expressed by Paneth cells surrounding stem cells 11 , and a number of studies have shown that mesenchymal cells also constitute a critical source of Wnt ligands 11, 15, 16, [18] [19] [20] 22 . However, neither the source of Wnt niche signals, nor how they are produced in the stomach was known. The stomach has no Paneth cells that would serve as source for Wnt ligands, implying that mesenchymal cells are a major Wnt stem cell niche. Here, our single cell and mouse genetic analyses demonstrate for the first time that stomach stromal cells constitute a critical Wnt stem cell niche during development and regeneration. We also demonstrate that the Hh downstream transcription factor, GLI2, directly induces the expression of Wnt ligands in the stomach. Since our single cell analysis was performed with stromal cells isolated from the glandular hindstomach, which includes both the corpus and the antrum, separate single-cell analysis would enable further definition of the stomach region-specific stromal niches.
Despite the fact that tissue cross-talk is known to provide tissue-specific niche signals to properly specify distinct organs 1,2 , our work not only identifies stromal cell populations that are highly conserved between the stomach and intestine, but also reveals a conserved mechanism by which Hh signaling induces stromal Wnt niche signals. A recent study has shown that stromal Hh-GLI2 provides key niche signals, which include both Wnt2b and Wnt2, to the mammary epithelial stem cells 51 . However, how these niche signals are produced by GLI2 was unknown. In addition to our earlier work in the intestine 42 , our current work in the stomach shows direct transcriptional activation by GLI2 of ARTICLE Wnt ligands such as Wnt2b and Wnt9a, further supporting Hh and GLI2-mediated direct activation of Wnt ligands as a conserved mechanism responsible for producing stromal stem cell niche signals. Mesenchymal Hh signaling is known to promote different types of cancer 52 . Our proposed Hh-GLI2 activation of stromal stem cell niche signals may also contribute to tumorignesis in different types of cancer.
Interestingly, genetic inhibition of Wnt secretion in Ng2derived cells, which include telocytes, led to much milder stem cell defects than the broad range of striking stem cell arrest defects found by Shoshkes-Carmel et al. Our work differs from these studies in that we utilized mice with the Ng2-Cre allele, which is expressed throughout embryonic development, in contrast to their inducible inhibition of Wnt secretion at the adult 
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Wnt9a Ptch1 stage using the Foxl1-CreERT2 allele. During development, these telocytes and other stromal cells might have adapted to produce compensatory stem cell niche signals to prevent drastic stem cell failure. Supporting the redundancy of stromal stem cell niches, we showed that Wnt ligands are expressed in different cell types throughout the mesenchyme ( Supplementary Figs. 7 and 11 ). We also demonstrated that inhibition of Wnt secretion in stromal cells broadly leads to severe stem cell and developmental defects ( Fig. 7) . Although our Ng2-Cre lineage tracing showed ubiquitous labeling throughout the proposed telocyte region in proximity to gastrointestinal epithelial cells (Fig. 2e) , and single cell analysis shows a significant overlap between Ng2 and Foxl1 expression ( Fig. 2a-c) , another possibility is that Foxl1 also labels rare but critical stromal cells not targeted by Ng2-Cre lineage tracing. Of note, a recent study has shown striking resistance of intestinal stromal cells to tamoxifen inducible Cre activation 53 . This data suggests that telocytes among intestinal stromal cells might have lost their resistance during evolution. While further investigation would be needed to better understand this cell population, genetic inhibition of Wnt secretion in Bapx1 Cre -derived cells have demonstrated the significance of redundancy among different gastrointestinal stromal cell populations secreting stem cell niche signals. Although both Bapx1 +/Cre and Ng2-Cre lineage-derived cells labeled telocytes, our single cell RNA-Seq and CyTOF analyses highlighted their difference. For example, many more CD31-positive endothelial cells and Ly6c positive stromal cells were represented in Bapx1 Cre -derived cells, compared to Ng2-Cre lineage labeled cells ( Supplementary Figs. 32-36 ). Importantly, Ly6c is highly expressed in Hh signaling responsive colonic stromal cell populations that constitute a critical stem cell niche, further supporting their potential redundancy as an intestinal stem cell niche 22 . The identity of this stromal population would require further investigations. Taken together, our study has revealed not only the conserved signaling and transcriptional mechanisms of stomach and intestinal stromal stem cell niches but also unexpected redundancy among stromal cell populations. Interestingly, telocytes have been found in many different mammalian organs 54 . Therefore, it would be useful to determine if Hh and GLI2-mediated activation of Wnt ligands is also conserved in the telocytes of other organs.
Methods
Mouse strains. Mice were housed in specific pathogen free barrier facilities. Mice handling and all experiments performed were monitored in accordance with protocols approved by The Centre for Phenogenomics (TCP) Animal Care Committee. Bapx1 Cre mice were obtained as a gift from Dr. Warren Zimmer. A Spop fl allele was obtained from the trans-NIH knock-out mouse project (KOMP) Repository. Ng2-Cre, Ng2 DsRed , Myh11-CreERT2, Rosa26 mTmG , Rosa26 tdTomato , Rosa26 SmoM2 , and Wls fl mice were purchased from The Jackson Laboratory.
Embryos were dissected at E17.5 or E18.5; mice 2-5 weeks of age were used for analyses. Cre recombinase was activated by gavage of 1 mg tamoxifen (Invitrogen) or by intraperitoneal injection of 1 mg tamoxifen for 2 or 3 days. Tamoxifen was dissolved in corn-oil (Sigma) as a stock concentration of 10 mg/ml. BrdU (BD Biosciences, 50 mg/kg) was injected intraperitoneally in mice, and they were sacrificed 1 h later.
Stromal cell isolation for single-cell RNA sequencing. Single-cell sequencing of stomach and intestine was performed with tdTomato+ cells isolated from male Bapx1 +/Cre ;Rosa26 +/tdTomato mice (5 weeks old). Mesenchymal cells were isolated from the glandular hindstomach, which includes both the corpus and the antrum, and used for stomach scRNA-Seq, while mesenchymal cells from the whole intestine were used for intestinal scRNA-Seq. Mesenchymal cell isolation from the stomach and intestinal tissues was modified from the previously described method 55 . Mice were dissected in ice-cold Wash Buffer; HBSS (Gibco) with 2% (vol/vol) of fetal calf serum (Gibco) and 10 mM HEPES (15630-080, Gibco). Intestines were cut into small pieces and moved to pre-warmed Predigestion Buffer: 30 ml of HBSS with 10% (vol/vol) inactivated FBS (080-105, Wisent Bioproducts), 10 mM HEPES and 5 mM EDTA (15575-038, Invitrogen). This solution was then incubated for 20 min at 37°C under rotation (220 rpm) in a thermal incubator in a 50 ml tube, followed by filtering through a 100 μm cell strainer. The flow-through contains stomach or intestinal contents decanted off epithelial cells. These gut pieces were incubated for 20 min at 37°C under slow rotation, followed by filtering through a 70 μm cell strainer. After wash off the remaining EDTA with Wash Buffer, the tissues were collected into 50 ml tubes containing 20 ml of Digestion Buffer; 1% (vol/vol) penicillin-streptomycin antibiotics (P4333, Sigma), 10% inactivated FBS, 15 mM HEPES, 100 U/ml of DNaseІ (LS002139, Worthington), 25 U/ml of collagenase IV (LS004186, Worthington), 0.3 g/100 ml of Dispase (04942078001, Roche). The tissues were digested by incubation at 37°C for 30 min under slow rotation. After vortexing the cell solution intensely for 20 s every 10 minutes, the tissues were passed through a 40 μm cell strainer. After collecting them into 50 ml tubes with 20 ml fresh Digestion Buffer, the previous incubation process was repeated. After combining the supernatants from digestion steps and centrifugation for 5 min at 400g at 20°C, the pellets were resuspended in Wash Buffer for FACS. CytoxBlue (S34857, Invitrogen) staining was used to distinguish dead cells. tdTomato-positive cells were sorted using MoFlo Astrios (Beckman Coulter).
Drop sequencing. Drop-Seq was performed as described, using a Dolomite Bio (Royston, UK) single-cell RNA-Seq system 25 . Three mice were used to obtain 500,000 of cells for 4000 stamps of drop-seq. The finally recovered cells numbered 4946 for the stomach and 3459 for the intestine each. The viability and number of sorted cells were checked by performing the trypan blue (15250061, Invitrogen) exclusion test prior to Drop-Seq. These cells were then diluted at a concentration of 14 K cells/ml into PBS+ 0.01% BSA. Barcoded Beads SeqB (ChemGenes Corp., Wilmington, MA, USA) were diluted at a concentration of 200 particles/µL into 200 mM Tris pH 7.5, 6% Ficoll PM-400, 0.2% Sarkosyl, 20 mM EDTA, 50 mM DTT.
Quality control of single-cell RNA-Seq data. The quality control metrics for the single-cell RNA-Seq data were obtained using the RNA-SeQC tool (v1.1.7) 56 . This program accepts aligned files as input and delivers a series of plots and statistics for each sample. The quality of the raw reads is defined by a probability distribution across each base call.
Data clustering. DGE expression matrices were processed and analyzed using the R package Seurat. Only genes expressed in at least 3 cells and cells with minimum NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14058-5 ARTICLE gene numbers of 100 for the stomach and 150 for the intestine were kept for downstream clustering. We chose approximately 2000 highly variable genes to project the scaled cpm (counts per million) normalized data into low dimensional subspace and perform component analysis. Significant PCs were selected before the curve of the standard deviations reached the plateau. Two-dimensional t-SNE was used for visualization. Clustering was based on density clustering. A likelihoodratio test was used to find the differentially expressed genes for identify classes 57 . To overcome the dropout effect in single cell data, we used MAGIC as previously described 26 . We ran the MAGIC with the same parameters (k = 10, a = 15) in both stomach and intestinal data sets. For better visualization, we used the recovered data set to access the expression levels of Wnt and other gut stromal marker genes, which were projected into the feature plot in R package Seurat. For the coexpression feature plot, we used the mean value as the cutoff to determine whether the gene is expressed in one cell or not.
Cell types comparison between the stomach and intestine. We used an average expression level of the top 30 marker genes as the feature for each cluster in both GSEA analysis. We used average expression of each cluster for analysis with GSEA (version 3.0.0) 59, 60 . All the default options were used for GSEA. Luciferase reporter assay. Stomach and intestinal mesenchymal primary cells were cultured as previously reported 61 and co-electroporated with Wnt2b or Wnt9a luciferase, and pRL-TK control plasmids (E2240, Promega), with or without the Gli2 expression plasmid. Electroporation was performed using NEON (Invitrogen; Voltage 1400 V, pulse width 30 ms and pulse number 1). These cells were incubated in antibiotics-free culture medium (DMEM supplemented with 10% fetal bovine serum, 1% non-essential amino acid and 1% L-Glutamine) 24 h prior to electroporation, which was replaced with fresh culture medium containing antibiotics 24 h after electroporation. They were then harvested 36 hours postelectroporation and lysed to determine luciferase activity, using the Dual Luciferase Reporter Assay System (E0910, Promega) and the Lumat LB 9507 luminometer (ThermoFisher Scientific).
Quantification and statistical analysis. All results were performed in duplicates or triplicates, and expressed as mean ± S.E.M.; P values were determined using nonparametric unpaired Student's t test (Mann-Whitney U test). P < 0.05 was considered as statistically significant.
Random forest based similarity learning for scRNA-seq data. We used random forest based similarity learning (RAFSIL) to learn cell-cell similarities of different cell types in each tissue and verify the clustering result from the SNN algorithm. RAFSIL implements a two-step procedure, where feature construction geared towards scRNA-seq data is followed by similarity learning. We chose the top 20 marker genes of each cluster as input features. We modified RAFSIL implementation by pooling data from every 20 cells randomly selected within each cell type and tissue, then applying RAFSIL to the average gene expression profile of the pooled data. We also replaced the randomForest() in RAFSIL with randomForest() in paralleRandomForest. These two simple modifications effectively increase data quality, while reducing the computational burden. paralleRandomFores
Cell type specific expression of disease-associated genes. Using normalized expression values, we obtained a z-score for each cell, then computed the mean zscore for each cluster. Genes that display any cluster specific-enrichment (z > 1.65) were kept for further analysis. We acquired disease-associated SNPs and their neighboring genes from the NHGRI-EBI catalog (https://www.ebi.ac.uk/gwas/) 48 and plotted the z-transformed expression of genes for each disease term individually. Genes were clustered using hclust function (R package: stats) with default parameters, while cell clusters were plotted in the order described above.
Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
The single-cell RNA-seq, bulk RNA-seq and ChIP-seq data set generated for the current study is available in the GEO (Gene Expression Omnibus) database repository: Accession number for single-cell RNA-seq: GSE116514. Accession numbers for RNA-seq data: GSE114450 (stomach), GSE103683 (intestine). Accession numbers for ChIP-seq data: GSE114449 (stomach), GSE103690 (intestine). The source data underlying Figs. 2d, 3c-g, 
